The Cretaceous Hegang Basin is located on the Jiamusi Block, NE China, and separated from the Songliao Basin by the Lesser Xing'an Range (LXR). Seismic interpretation shows that the Chengzihe, Muling and Dongshan formations of the Hegang Basin thicken eastwards with westwards onlap, indicating that the LXR existed as a palaeo-uplift during that period, whereas the Houshigou Formation shows no thickness change, indicating that the LXR was possibly under water at this time. This is supported by results of detrital zircon analysis from the Hegang Basin in which the Chengzihe Formation is dominated by approximately 180 Ma zircons, which can only be provided by the LXR, whereas the Houshigou Formation records no early Jurassic ages. This view is consistent with previous studies of the Songliao Basin for a provenance change between the Denglouku and Quantou formations. We conclude that the LXR was a highland during deposition of the Chengzihe, Muling and Dongshan formations but that it was under water when the Houshigou Formation was deposited. There was thus a connection between the Hegang and Songliao basins, which marks an eastwards migration of the depositional and extensional centre of the Songliao-Hegang basin system. This eastwards migration implies lithospheric extension driven by palaeo-Pacific roll-back.
Zircon grains in clastic sedimentary rocks are derived from the weathering of the surrounding source rocks, and are recognized as being highly resistant to chemical and physical weathering and other sedimentary processes (Jackson & Sherman 1953) . Detrital zircon analysis is widely recognized as a powerful tool for interpreting the provenance of sedimentary rocks (Drewery et al. 1987; Thomas 2011) because it has the ability to link sedimentary basins to their surrounding source regions (Riggs et al. 1996) . Detrital zircon analysis can also be applied to infer maximum depositional ages of strata (Dickinson & Gehrels 2009) , to reconstruct supercontinent cycles (Li et al. 1995) and to reflect the tectonic settings of the basins in which they were deposited (Cawood et al. 2012) .
The Hegang Basin is located to the east of the Lesser Xing'an Range (LXR), the Zhangguangcai Range (ZR) and the Songliao Basin, and lies within the Jiamusi Block to the west of the Sanjiang Basin, NE China (Fig. 1) . It is 100 km long from north to south, and 28 km wide from east to west, with a total area of approximately 2800 km 2 . The Hegang Basin has been mined for coal since 1917 and contained China's largest opencast coal mine (before 2010) -the Lingbei Opencast Mine, which is now part of the Hegang National Mine Park. The coal types are mainly bituminous coal to anthracite. The strata of the Hegang Basin were previously considered to be Late Jurassic in age; however, a recent study based on palaeontology suggests that they were deposited in the Early Cretaceous (Sha et al. 2002) .
The Songliao Basin is located between the LXR and ZR to the east, and the Great Xing'an Range to the west (Fig. 1) . It is approximately 1000 km long from north to south, and 400 km wide from east to west, with a total area of approximately 350 000 km 2 . The Songliao Basin contains oil-and gas-bearing non-marine sedimentary strata, and is one of the largest oil fields in China. It includes the Daqing oil field, which started production in 1959. The structure and sedimentology of the Songliao Basin have been well studied because of extensive oil and gas exploration and development (Wu et al. 2007; Feng et al. 2010b Feng et al. , 2011 . Its structural evolution has been subdivided into three stages: synrift stage (the Huoshiling, In this study, we report a sensitive high-resolution ion microprobe (SHRIMP) zircon U -Pb age of a tuff from the Houshigou Formation, and detrital zircon ages for the Chengzihe and Houshigou formations of the Hegang Basin. In light of these results, we review the distribution of Late TriassicEarly Jurassic igneous rocks in NE China and the detrital zircon geochronology of the Songliao Basin in order to test for any similarities with the Hegang Basin. This study will help in understanding sedimentary basin development and the tectonic evolution of East Asia. It is also relevant to the timing of changes in tectonic regime, associated with the advance and retreat of the palaeo-Pacific Plate, which has dominated the architecture of eastern China since the early Mesozoic.
Geological setting
NE China and adjacent regions in Far East Russia are made up of several massifs and terranes that are located between the Siberia and North China cratons ( Fig. 1) , including the Erguna, Xing'an, Songliao, Bureya and Jiamusi blocks, and the Sikhote -Alin accretionary complex (Wu et al. 2005; Yu et al. 2008; Kotov et al. 2009; Sorokin et al. 2010; Zhou et al. 2011a ). The Erguna, Xing'an and Songliao blocks are considered to be the eastern part of the Central Asian Orogenic Belt (CAOB) that amalgamated in the Palaeozoic (Xiao et al. 2009 (Xiao et al. , 2010 , whereas the Jiamusi block and Sikhote -Alin accretionary complex are early Mesozoic circum-Pacific accreted terranes (Zhou et al. 2009; Wu et al. 2011) . The amalgamated Erguna, Xing'an and Songliao blocks collided with the North China Craton in the Permian (Xiao et al. 2003) , and with the Siberia Craton in the late Palaeozoic-early Mesozoic (Kravchinsky et al. 2002) . Final collision with the Jiamusi Block occurred in the early Mesozoic (Zhou et al. 2009 ), forming the unified Jiamusi -Mongolia block . The ocean separating the Jiamusi -Mongolia block from the Siberia Craton closed completely in the early Early Cretaceous (Cogne et al. 2005) .
The Songliao Block is overlain by MesozoicCenozoic strata of the Songliao Basin. Most of the basement beneath the Songliao Basin is composed of Palaeozoic -Mesozoic granitoids and Palaeozoic strata (Wu et al. , 2001 Gao et al. 2007; Pei et al. 2007; Yu et al. 2008; Zhou et al. 2012) , with minor Proterozoic granitoids . In the eastern part of the Songliao Block, the basement was uplifted and forms the LXR and ZR, which also contain Palaeozoic -Mesozoic granitoids and Palaeozoic strata (Meng et al. 2010 (Meng et al. , 2011 Wang et al. 2012a, b) .
The Jiamusi Block has a pre-Mesozoic basement that is composed mainly of the Mashan Complex, the Heilongjiang Complex and Permian granite (Wu et al. 2011) . The Mashan Complex makes up the main part of the Jiamusi Block and consists of khondalitic rocks with a metamorphic age of 500 Ma (Wilde et al. 1999 (Wilde et al. , 2000 (Wilde et al. , 2003 . The Heilongjiang Complex is distributed in the western part of the Jiamusi Block, and consists of ultramafic rocks, blueschist-facies pillow basalts, carbonates and mylonitic mica schists, which are considered to represent a mélange along the suture between the Jiamusi and Songliao blocks (Wu et al. 2007; Zhou et al. 2009 ).
Stratigraphy and structure of the Hegang Basin

Stratigraphy
The basement of the Hegang Basin is composed of the Mashan and Heilongjiang complexes and Jurassic granites (Fig. 2) . The basin strata are named, from bottom to top, the Chengzihe, Muling, Dongshan, Houshigou and Songmuhe formations (Figs 2 & 3). The Chengzihe, Muling and Dongshan formations constitute the Jixi Group (Gu et al. 1997 ; 175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231 232 Li et al. 2006) , and their contacts are conformable (Sha et al. 2002 (Sha et al. , 2003 (Sha et al. , 2009 Sha 2007) .
The Chengzihe Formation (K 1 c) ranges in thickness from 100 to 979 m. The lower part consists of fluvial facies with medium-to coarse-grained sandstone, conglomerate, siltstone, mudstone and tuff. The middle part consists of fluvial and lacustrine facies fine-to medium-grained sandstone, siltstone and mudstone, with minor coarse sandstone and conglomerate. The middle unit contains 36 coal seams of mineable quality and is also rich in plant fossils. The upper part of the Chengzihe Formation consists of fluvial facies, fine-grained sandstone and siltstone, with mudstone and tuff.
The Muling Formation (K 1 m) conformably overlies the Chengzihe Formation, with a thickness ranging from 261 to 605 m. It consists of thick yellowish-brown conglomerate, grey sandstone, and dark grey siltstone and mudstone, with thin layers of tuff, indicating fluvial to deltaic facies with occasional distal volcanism.
The Dongshan Formation (K 1 ds) consists of grey-green andesite, andesitic agglomerate, volcanic breccia and tuff, with some siltstone and sandstone. Its total thickness is 720 m.
The Houshigou Formation (K 1 h) overlies the Dongshan Formation with a minor angular unconformity, and it ranges in thickness from 748 to 1266 m. The lower part consists of fluvial facies conglomerate and yellow sandstone. The clasts in the conglomerate consist mainly of andesite, gneiss and granite. The upper part of the Houshigou Formation consists of lacustrine facies black, finegrained sandstone, siltstone and mudstone, with a tuff interlayer at the top.
The Songmuhe Formation (K 2 s) consists of volcanic rocks with thickness of 1087 m. It has two members. The lower part, the Xigemu Member, consists of andesite, basalt and tuff, with a total thickness of 600 m. The upper part, the Aoqi Member, consists of rhyolite, tuff and volcanic breccia, with a total thickness of 487 m.
Structure
The Early Cretaceous Hegang Basin was possibly part of the Sanjiang Basin (Fig. 1) , as suggested by Zhang et al. (2012) . However, the structural prototype of the Hegang Basin was difficult to rebuild because it is separated from the Sanjiang Basin by the Cenozoic Yishu Fault (F2, Fig. 1 ) and was also destroyed by a westwards Late CretaceousCenozoic thrust fault (Huang et al. 2003; Sun et al. 2006) , as also shown in the seismic profile (Fig. 4) . Nevertheless, the seismic profile still provides important information that helps in the understanding of the provenance of the Hegang Basin. In general, the Early Cretaceous strata dip eastwards at approximately 158, showing a monoclinal structure. In detail, the Chengzihe, Muling and Dongshan formations thicken eastwards with westwards onlap on to the early Mesozoic granite basement, which is the main component of LXR, indicating that the LXR existed as a palaeo-uplift during that period, while the Houshigou Formation has no change in thickness, indicating that the LXR was possibly under water at this time. Hence, the structure of the Hegang Basin implies a possible provenance change from the Chengzihe Formation to the Houshigou Formation.
Sample locations and petrology
Two sections were chosen for this investigation, both located close to Hegang City in eastern Heilongjiang Province, in order to sample and compare the rocks from the Chengzihe and Houshigou formations, which are located beneath and above the major unconformity surface, respectively. Section 10HG01 (Fig. 5 ) is in the Lingbei Coal Mine, where sandstone sample 10HG01-2 was collected (47821 ′ 30 ′′ N, 130819 ′ 0 ′′ E) from the middle part of the Chengzihe Formation. This section is rich in plant fossils characterized by Filicopsida, and several species of Ginkgopsida and Coniferopsida (Fig. 5) . Sun & Dilcher (2002) and Liu (2006) gave a statistical analysis of 40% Filicophytina, 20% Bennettitales, 10% Ginkgo, 10% Coniferopsida and 10% early angiosperms. These authors correlate this assemblage with the Barremian Stage. It further indicates that the climate of the Jiamusi area at this time was warm and humid, possibly even subtropical.
Section 10HG02 (Fig. 6 ) is at a location (47819 ′ 39 ′′ N, 130822 ′ 44 ′′ E) near fishponds outside of Wugongli Village, on the western side of the Haluo Highway. Samples 10HG02-1, 10HG02-2, 10HG02-4 and 10HG02-6 were collected from the upper part of the Houghigou Formation. Sample 10HG01-2 is a grey-white coarse-grained sandstone. The grains are 0.3-1 mm in diameter, subangular and poorly sorted, and are composed of 50% quartz, 30% feldspar and 20% lithic fragments. The accessory minerals are mainly zircon, pyrite and siderite. Samples 10HG02-1 and 10HG02-2 are yellow -dark yellow fine-grained sandstone. The grains are mostly 0.1-0.3 mm in diameter, angular and moderately well sorted, and composed approximately of 60% quartz, 30% feldspar and 10% lithic fragments. The accessory minerals are mainly garnet and titanite. Sample 10HG02-4 is a white rhyolitic tuff with crystal and glass fragments. Sample 10HG02-6 is a yellow coarse-grained sandstone, composed of 70% quartz, 20% feldspar and 5% lithic fragments.
Analytical methods
Approximately 3 kg samples were collected from each site for zircon separation. Zircon crystals were extracted by crushing, and by heavy liquid and magnetic separation at the Langfang Geological Services Corporation, Hebei Province, China. More than 2000 zircon grains were extracted from each sample. Zircons from the tuff sample HG02-4, taken to the Beijing SHRIMP Centre, were mounted (Black et al. 2003) and polished to reveal the grain centres. Zircons from the sandstones, taken to the Second Institute of Oceanography of State Oceanic Administration of China in Hangzhou, were also mounted and polished. Cathodoluminescence (CL) images were taken using a Philips XL30 scanning electron microscope at Curtin University, Perth following U-Pb analysis. Most zircons from each sample are transparent, pale yellow and euhedral prismatic, and are typically magmatic with concentric oscillatory zonation evident in the CL images (Fig. 7) . SHRIMP U -Pb dating was performed using a SHRIMP II ion microprobe at the Beijing SHRIMP Centre following standard procedures (Wan et al. 2005) . The mass resolution was approximately 5000 at 1% peak height. The spot size of the ion beam was 25 -30 mm, and five scans through the mass range were used for data collection. Standard SL13 (572 Ma, U ¼ 238 ppm) was used for U concentration and age calibration, and TEMORA (417 Ma) (Black et al. 2003 ) was used to monitor analytical conditions. Ages and Concordia diagrams were calculated using the programs Squid 1.03 (Ludwig 2001) and Isoplot 3.0 (Ludwig 2003) .
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) U -Pb dating was carried out at the State Key Laboratory of Mineral Deposits Research at Nanjing University. The LA-ICP-MS consisted of an Agilent 7500 s ICP-MS attached to a Merchantek/NWR 213 nm laser ablation system. The diameter of the analysis spot was 25 mm. The repetition rate and power was 5 Hz and 68%, respectively. About 100 grains of each sandstone sample were analysed. U -Pb fractionation was corrected using standard zircon GJ ( 207 Pb/ 206 Pb age of 608.5 + 1.5 Ma: Jackson et al. 2004) , and reproducibility was controlled using a standard zircon Mud Tank (MT) ( 207 Pb/ 206 Pb age of 732 + 5 Ma: Black & Gulson 1978) . The analytical data were processed using Glitter 4.4 software. Because 204 Pb could not be measured owing to a low signal and interference from 204 Hg in the gas supply, the common lead correction was carried out using the Excel program ComPbcorr#3-15G (Andersen 2002) . The Concordia diagrams and histograms were plotted using Isoplot 3.0 (Ludwig 2003) . In this investigation, zircons younger than 1.0 Ga were calculated using the 206 Pb/ 238 U age, whereas older ones were calculated using the 207 Pb/ 206 Pb age.
Analytical results
Sample 10HG01-2
Sample 10HG01-2, collected from the Chengzihe Formation, contained zircon grains 40-400 mm long and a total of 109 randomly selected grains were analysed ( (Fig. 8d) . The youngest zircon has an age of 104 + 2 Ma, thus constraining the maximum age of deposition. There is also 12% of Precambrian zircons in the population, with 207 Pb/ 206 Pb ages ranging from 1.4 to 0.6 Ga. 523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580   Table 1 . Continued Spots 639  640  641  642  643  644  645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682  683  684  685  686  687  688  689  690  691  692  693  694  695  696   Table 2 . 816  817  818  819  820  821  822  823  824  825  826  827  828  829  830  831  832  833  834  835  836  837  838  839  840  841  842  843  844  845  846  847  848  849  850  851  852  853  854  855  856  857  858  859  860  861  862  863  864  865  866  867  868  869  870 Sample 10HG02-2 Sample 10HG02-2 was also collected from the Houshigou Formation. Zircon grains were 40-200 mm long and a total of 96 randomly selected grains were analysed (Table 3) ; all grains were concordant at the 90% confidence level. The 206 Pb/ 238 U ages mainly fall into three populations (Fig.  8e) : 286-207 Ma (60%), 475-429 Ma (14%) and 524 -502 Ma (10%), with peaks at approximately 250, 450 and 510 Ma, respectively (Fig. 8f ) , identical to the populations in sample 10HG02-1. The youngest zircon has a 206 Pb/ 238 U age of 94 + 2 Ma. However, sample 10HG02-2 cannot be younger than sample 10HG02-4 according to the field relationships. Since there is only one grain younger than 100 Ma, the mean age of 103 + 2 Ma given by five Cretaceous zircons probably represents the best estimate of the age of the stratum. There are also six Precambrian zircons with 207 Pb/ 206 Pb ages ranging from 1.4 to 0.7 Ga.
Sample 10HG02-4
Sample 10HG02-4 was collected from the tuff layer in the upper part of Houshigou Formation, stratigraphically above samples 10HG02-1 and 10HG02-2. Zircon grains were mostly 70 mm long, with 2:1 aspect ratios. Seventeen zircon grains were analysed by SHRIMP (Table 4 ). The measured U and Th concentrations varied from 195 to 1119 ppm and from 89 to 645 ppm, respectively. The Th/U ratio ranges from 0.40 to 0.66. One grain was excluded from the calculation because it is considered to be an inherited zircon with an age of 256 + 7 Ma. The remaining 16 analyses give a weighted mean age of 103 + 2 Ma (mean square weighted deviation (MSWD) ¼ 1.7) (Fig. 8g) , recording the eruption time of the tuff. This is coeval, within error, of the best estimate of the age of deposition of the underlying Houshigou Formation, suggesting rapid deposition within the Hegang Basin.
Sample 10HG02-6
This sample was collected from a sandstone unit above the tuff layer in the upper part of the Houshigou Formation. Zircon grains were mostly 70 mm long, with 2:1 aspect ratios. Thirty-six zircon grains were analysed using LA-ICP-MS (Table 5) , and the U and Th concentrations varied from 111 to 1330 ppm and from 83 to 1240 ppm, respectively, with Th/U ratios ranging from 0.52 to 1.72. Twenty-six analyses (excluding five discordant grains and five inherited grains with ages of 117, 185, 208, 270 and 516 Ma) give a weighted mean age of 103 + 2 Ma (MSWD ¼ 3.3) (Fig. 8h) , suggesting that most of the zircons were derived either from the tuff or from strata immediately underlying the tuff.
Discussion
Detrital zircon provenance change in the Hegang Basin
According to the data presented above, both the Chengzihe and Houshigou formations have provenance sources from terranes characterized by ages of around 250 and 450 Ma. However, the Chengzihe Formation is dominated by approximately 180 Ma zircons, whereas the Houshigou Formation has no Late Triassic -Early Jurassic zircons but, instead, has zircons of around 510 Ma.
The approximately 250, 450 and 510 Ma provenance was most probably derived from the Jiamusi Block to the east, which consists of both Late Permian granites and Pan-African granites and gneiss (Wilde et al. 1997; Zhou et al. 2009 Zhou et al. , 2010 Zhou et al. , 2011a Wuet al. 2011) .
The provenance of 180 Ma was possibly from the LXR to the west, since this is a dominant age in this region (Wu et al. 2011) . The LXR consists dominantly of Early Jurassic bimodal igneous rocks related to intraplate extension triggered by subduction (Wu et al. 2011; Yang et al. 2012; Yu et al. 2012 ) and some Palaeozoic igneous rocks (Meng et al. 2011; Wang et al. 2012a, b) . The age distribution map (Fig. 9) shows that approximately 210-170 Ma magmatism is not present in the Jiamusi Block, and is mainly distributed in the LXR and ZR (to the west of the Mudanjiang Fault) on the eastern margin of the Songliao Block.
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Connection to the Songliao Basin
The tuff at the top of the Houshigou Formation has an age of 103+2 Ma, whereas the youngest age group from the Chengzihe Formation has a peak age of 122+2 Ma. It appears likely that the Chengzihe, Muling and Dongshan formations in the Hegang Basin correspond to the Shahezi, Yingcheng and Denglouku formations, respectively, in the Songliao Basin (Feng et al. 2010a, b; Li et al. 2012) . Also, the Houshigou Formation in the Hegang Basin corresponds to the Quantou Formation of the Songliao basin (Fig. 10) .
The Denglouku Formation in the Songliao Basin contains approximately 180 Ma detrital zircons that were most probably also derived from the LXR, further suggesting that the LXR was a highland and the two basins were not connected at this time. However, there is no evidence of such an Early Jurassic provenance in the Quantou Formation in the Songliao Basin (Fig. 11) , indicating that the LXR was not an existing barrier at this time, and that the Songliao Basin was connected to the Hegang Basin across the LXR when the Yaojia Formation in the Songliao Basin and Houshigou Formation in the Hegang Basin were deposited. It is important to note that the Quantou Formation in the Songliao Basin has 1.8 Ga provenance zircons (most probably derived from the North China Craton), whereas the Houshigou Formation in the Hegang Basin does not contain these. This is possibly because the connection between the Hegang and Songliao basins was restricted. The Lesser Xing'an Range was probably still an uplift area beneath the water and this blocked detritus from the North China Craton into the Hegang Basin. This could explain why only the Songliao Basin contains 1.8 Ga zircons of North China Craton provenance.
The early Late Cretaceous Yaojia Formation in the Songliao Basin also contains no Early Jurassic zircons (Fig. 11) , suggesting that the Songliao Basin possibly flooded over the LXR during the whole of its post-rift stage from the Quantou Formation to the Yaojia Formation, as per the subdivision suggested by Feng et al. (2010a) . This leaves the question of when were the Songliao and Hegang basins again separated by the LXR as occurs at the present time? Li et al. (2012) indicated that the fourth member (as shown in Fig. 10 ) of the Nenjiang Formation in the Songliao Basin does contain an early Jurassic provenance (Fig. 11) , so the second separation of the Hegang and Songliao basins must have occurred at the time when the fourth member of the Nenjiang formation was deposited. Importantly, this also marks the beginning of the structural inversion of the Songliao Basin (Feng et al. 2010a, b) . In summary, the Songliao and Hegang basins formed a unified system in the Cretaceous. We identify four stages that illustrate the evolution of the Songliao and Hegang basin system (see Fig.  12a ): synrift, post-rift, inversion and present day, following the model developed for the Songliao Basin (Feng et al. 2010a ). In the synrift stage, the LXR was a highland. The Songliao and Hegang basins received sediments from the LXR during the Barremian-Early Albian, resulting in deposition of the Denglouku Formation in the Songliao Basin, and the Chengzihe, Muling and Dongshan formations in the Hegang Basin. In the post-rift stage, the LXR was under water and unable to provide detritus to the evolving basins. The Songliao and Hegang basins were then connected, and this led to the deposition of the Quantou, Qingshankou, Yaojia and Nenjiang formations in the Songliao Basin, and the Houshigou Formation in the Hegang Basin. In the inversion stage, the eastern part of the Songliao Block and the Jiamusi Block were uplifted, and the LXR, again, provided detritus to the Songliao Basin, while there was no deposition in the Hegang Basin. At the present time, the LXR is being eroded and separates the Songliao Basin from the Hegang Basin.
The schematic depositional model (Fig. 12a ) best explains the provenance change and indicates a process of eastwards migration of the depositional centre of the Songliao and Hegang basin system, and also a lateral reverse event after the extension. However, greater consideration of the tectonic implications is needed.
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